Two different polyphenylene ethynylene derivatives, one partly hydrophobic and one hydrophilic, were investigated with a combination of X-ray and light scattering techniques and hydrodynamic techniques, as well as scanning force microscopy and transmission electron microscopy to elucidate their molecular structure and aggregation behavior in tetrahydrofuran and water, respectively. It turns out that both polymers possess a rod-like molecular architecture which, however, is the basis of a cascade of aggregation steps. Both, electron microscopy and X-ray analysis support the concept of a primary back-to-back aggregation of polymer chains into cylindrically shaped aggregates with high anisometry. The thickness of these aggregates was between 4.0 and 4.5 nm. The aggregates of the hydrophobic polymer further associate into fibrils and these fibrils form clusters of globular shape, though with high internal anisometry.
I. INTRODUCTION
Linear rigid rod polymers with a conjugated -electron system have gained considerable interest in material science. This is due to the fact that such polymers are main-chain liquid crystals, the fibers of which exhibit very high moduli and excellent performance (1) . In addition, the conjugated structure of these polymers allows for linear (2, 3) and nonlinear optical effects (4) such as electroluminescence (5) or electron and hole conductivity which makes them potential candidates for lightemitting diodes and for the setup of molecular electronics (6) .
In spite of the wide variety of potential applications, it is astonishing that only a little is known about the polymer's architecture and the conformation of this class of polymers. Some years ago Rawiso et al. reported about the solution behavior of substituted polydiacetylenes (7) and they found rather big aggregation clusters for the neutral, conjugated species. In other papers, which describe static light scattering or gel permeation chromatography of similar conjugated polymers, usually unexpectedly high molecular weights or indications for cluster formation are described (2, 8) . In these publications the polymers are more highly substituted than those in our present work, so that intermolecular interactions which promote aggregation are reduced. This is probably why neither of the references contains the observation of very high apparent polydispersity and negative second virial coefficients. In addition, their characterization of the polymers was accomplished on highly dilute solutions eluting from a size-exclusion chromatograph and therefore an aggregation as strong as in this work was not encountered.
In a previous scanning-force microscopy investigation (9) of poly(2,5-dihexyl-p-phenylene ethynylene) with rather low molecular weight (about 22 monomers per chain) it was shown that needles can be observed with a width comparable to the length of the polymer chains. This length, however, was determined with gel-permeation chromatography only.
A recently developed synthetic route (1, 10) enables the synthesis of highly ideal polyphenylene ethynylenes (PPE) via Pd-catalyzed coupling of substituted 2,5-bistrimethylsilylethynylene benzene with substituted 2,5-dibromobenzenes. We call them highly ideal because they do not contain diine defect structures. On the basis of such well-defined polymers, it is the task of this work to elucidate the aggregation behavior and structure in solution. In order to be independent from special solvent effects, we chose two different PPE derivatives in two very different solvents. One was the 2-ethylhexylester (I) (EH-PPE) dissolved in tetrahydrofuran (THF), and the other was the saponified carboxylate (II) (CPPE), a polyelectrolyte which was obtained by neutralizing with a stoichiometric amount of potassium hydroxide in deionized water. The chemical structures of these substances are shown in Fig. 1 .
In this work, the structure was analyzed by a combination of transmission electron microscopy (TEM), scanning force microscopy (SFM), static and dynamic light scattering (ELS, DLS), small-angle X-ray scattering (SAXS), and analytical ultracentrifugation (AUC). Thus, the structural and aggregation behavior could be revealed on a broad length scale in a complementary fashion.
II. EXPERIMENTAL

Materials
Polymer EHPPE (I) was synthesized via a palladium-catalyzed cross-coupling reaction (1, 10) of 2,5-dibromobenzoic acid 2-ethylhexyl ester with 2,5-bis-trimethylsilylethynylenebenzoic acid 2-ethylhexyl ester. The known problem of diine formation by Pd(II) catalysts could be prevented by a new system of catalysts, which consists of 2 mol% Pd(0) and 1 mol% triphenyl phosphine (PPh 3 ). The reaction was performed in the two-phase system toluene/NaOH and 2 mol% tetrabutylammonium bromide served as the phase-transfer agent. (PPh 3 ) 2 PdCl 2 was reduced by SnCl 2 in order to optimize the catalyst's performance. The ethyne compound was used in a protected form and it was deprotected during the reaction. This deprotecting step governs the kinetics of the reaction so that at any time a stationary concentration of free ethyne compound was granted. This way, an addition of CuI was no longer necessary because the ethynylide anion is produced automatically during the deprotecting reaction.
Polymer CPPE (II) was obtained from I by saponification in N-methyl-2-pyrrolidone and tetrabutylammonium hydroxide (40 wt% in H 2 O). After filtration and precipitation with HCl the carboxylic acid was washed several times with H 2 O and dried over phosphorpentoxide. For the respective analytical investigations below we dissolved the solid polymer with a stoichiometric amount of potassium hydroxide in deionized water.
Details of the synthesis and purity of the polymers can be found in the original literature (1, 10).
Instrumentation
The light-scattering apparatus was an ALV-5000 multiple-tau correlator (ALV-Laser GmbH, D-63225 Langen, Germany) that allowed for simultaneous dynamic (time dependent) and static (angle dependent) acquisition of light intensities. The light source was a continuous-wave 50 mW helium-neon laser (Carl Zeiss, Jena) operating at 632.8 nm wavelength. A laser-line interference filter was used to block out the fluorescent radiation. The experimental intensities were corrected for absorption losses and they were normalized to the scattering of toluene at 90°in order to obtain absolute intensity values. The scattering functions were transformed into real space with program ITP (11) (12) (13) giving radial pair-distance distribution functions (PDDF) and reliable values for the radius of gyration R g and for the molecular weight M w . The polydispersity analysis was accomplished by applying the program ORT (14, 15) .
The small-angle X-ray scattering experiments were made with a Kratky compact camera equipped with a stepping motor and a counting tube with an impulse-height discriminator. The light source was a conventional X-ray tube with fixed copper target operating at 40 mA and 30 kV. No monochromator (except the built-in impulse-height discriminator of the detector) was used. Instead, the K ␤ contributions were numerically accounted for in the subsequent desmearing procedure which is included in the program ITP that transforms the scattering data into real space.
The scanning force microscope was a commercial Multimode NanoScope IIIa (Digital Instruments, Santa Barbara, CA) operating in tapping mode and in air environment. The microscope was equipped with a 13-m scanner (E-scanner) and with commercial silicon tips. The scan speed was proportional to the scan size (ranging from 1 to 10 m) and was between 1 to 3 lines per second. Droplets of diluted solutions were allowed to dry on freshly cleaved muscovite mica disks at room temperature. The concentrations were between 3.25 and 65.0 mg/L.
The samples for transmission electron microscopy were prepared by an adsorption technique. Droplets of a dilute polymer solution were put on 400-mesh carbon-coated copper grids. After 45 s of adsorption time the excess solution was slowly removed from the carbon film. Dried samples were investigated with an energy filter transmission electron microscope EM912 Omega at an accelerating voltage of 100 kV.
The analytical ultracentrifuge was an Optima XL-I (Beckman Instruments Inc., Palo Alto, CA) equipped with automatic scanning absorption optics and online Rayleigh interference optics. All investigations were done at 5°C, 444 nm wavelength and in titanium double-sector cells of 12 mm optical path length with solvent as the reference. The sedimentation equilibrium measurements were performed at a rotor speed of 12,000 rpm. The weight-averaged molecular weight M w,app was calculated with the program MSTAR (16) . The sedimentationvelocity experiments were carried out at 50,000 rpm and the detection optics worked at the same wavelength. Table 1 summarizes the characterization of some apparent molecular properties with GPC, AUC, and ELS. We immediately see that the three different techniques reveal very different data, for instance, for the molecular weight. ELS gives a molecular weight which is by two orders of magnitude larger than the apparent M w of the GPC experiment which again is by a factor of 20 larger than the result from the AUC experiment. The smallest apparent value that is found in this sample (AUC) is also very close to the value one would expect for this type of synthetic polycondensation route. The apparent molecular weight from the AUC is strongly increasing with the polymer concentration ( Fig. 2) indicating associative behavior. Selfassociation is furthermore expressed in the overlap of M w,app (AUC) curves for varying initial concentrations caused by a reversible association process (17) . Indeed, this overlap was found for the EHPPE polymer. Also, the sedimentation coefficients show a concentration dependence with a slightly ascending slope, where one would expect a descending slope for nonaggregating colloids due to nonideality effects, especially for asymmetric molecules. A similar effect can be seen from the concentration dependence of the apparent molecular weight in the ELS experiment, which is usually expressed in terms of the second virial coefficient A 2 . We note for both systems, EHPPE-THF and CPPE-H 2 O, that more or less negative values are obtained (see again Table 1 ) which is indicative for strong intermolecular interactions and the onset of aggregation processes.
FIG. 1. Polymers EHPPE (I) and CPPE (II).
III. RESULTS AND DISCUSSION
General Characterization
All these data support the presence of a very strong tendency toward aggregation, thus preventing the determination of molecular properties of the single polymer chains by the standard analytical experiments. The light scattering experiment, working without an external mechanical force field, amounts to the largest clusters and highest molecular weights, whereas the shear within the GPC columns remarkably decreases the cluster size. Aggregation is, however, still present in the GPC experiment, as indicated by the enormous apparent polydispersity of the sample (PD ϭ 26). The centrifugal force field of the AUC also represents an environment with high separating efficiency, and it shows a clear concentration dependence of the apparent molecular weight. This comparison clearly demonstrates that when relying on only one analytical technique, one should be very careful with the analytical data from such polymers with stiff conjugated main chains.
The dynamic properties are collected in Table 2 . From the diffusion coefficients D, obtained by extrapolation toward infinite dilution and zero scattering angle, the apparent hydrodynamic radii R h can be calculated via the Stokes-Einstein equation. These numbers, compared with the corresponding radii of gyration R g from the static experiments, are usually taken as a measure for the nonspherical shape of the particles and in our case, giving values around 3.0, they would indicate elongated (cylindrical) geometry. The dynamic data also show a severe dependence on the technique applied. The corresponding diffusion coefficients and hydrodynamic radii from light scattering and ultracentrifugation differ by about one order of magnitude. Again, the ultracentrifuge delivers the smallest values for R h owing to its capability to separate aggregates. 
ELS and SAXS Results
In view of this aggregation behavior, it is possible to reanalyze the angular dependence of both static light scattering and small-angle X-ray scattering. As an example, we show in Fig.  3a the model-independent orientation-averaged PDDF which is the Fourier-Bessel transform of the light-scattering function. The asymmetric shape of this PDDF can be caused by either an ellipsoidal structure or by an equivalent size distribution of spheres. The corresponding volume distribution of spheres is depicted in Fig. 3b . According to this, most of the polymer substance forms aggregates with diameters less than 220 nm. On the other hand, the bigger aggregates of diameters up to 1 m deliver the main contribution to the light-scattering signal expressed in the PDDF of Fig. 3a . Below 100 nm clear features of the PDDF can no longer be resolved from the light-scattering data. Smaller structures therefore give rise to "baseline contributions" which causes the nonzero intercept of the PDDF at r ϭ 0.
In order to investigate these smaller structures we carried out SAXS measurements. No Bragg peaks were found in the scattering curves, thus excluding the presence of extended microcrystalline or other ordered structures in solution. The scattering functions were inverted almost the same way as the light-scattering curves above, except that extra precautions were applied in order to account for the instrumental broadening. The resulting PDDFs, now valid in a window of much smaller scale (0.5 to 50 nm), revealed an inhomogeneous substructure manifested by the presence of a couple of peaks as shown in Figs. 4a and 5a . The minima in between these peaks are caused by what is usually understood as a correlation hole which can be of intraparticular or interparticular nature. The same phenomenon has already been observed (18) in phaseseparated block copolymers in bulk. The interpretation of these complicated PDDFs in terms of real-space models can only be performed properly when aided by (1) TEM micrographs and by (2) a mathematical simulation utility. It has to be done this way, because the PDDF could just as well be simulated by a range of different models employing objects of different shape but similar length scale. In order to reduce the number of possible structures we used microscopic tools.
From the TEM micrographs (see Figs. 8b and 9a below) we get the clue that the peaks in the PDDF might come from bundles of cylinders. Assuming cylinders that are displaced 
FIG. 3. (a)
The pair-distance distribution and (b) the volume distribution of polymer EHPPE in THF at infinite dilution as obtained by ELS.
and tilted relative to each other, we calculated some theoretical PDDFs with the program MULTIBODY (19) and compared them with the experimental ones. The parameters such as, e.g., the lengths and radii of the cylinders, the displacement distances, and the rotation angles were adjusted by trial and error so that the peak positions and their relative heights coincided best with the experimental curves. The main differences between the calculated and the experimental PDDFs were presumably due to the statistically distributed nature of the parameters which was not accounted for in our simple simulations. Therefore, our calculated PDDFs generally had sharper peaks than the experimental ones, especially at larger distances r where randomness is gaining significance. Please note that any arrangement of spherical objects did not give better fitting PDDFs except when the spheres were arranged in linear chains, thus pointing toward cylindrical overall symmetry on the basis of scattering data alone.
The PDDF of the EHPPE sample, shown in Fig. 4a (error bars), has one small shoulder at about 2.5 nm and two significant peaks at radial distances of r ϭ 7.0 and 13.4 nm. The full line in this same figure is the calculated theoretical PDDF from a real-space model shown in Fig. 4b . The numerical values for the parameters were cylinder length L ϭ 85 nm, cylinder radius R ϭ 2.4 nm, and center-to-center distance D ij between ith and jth cylinder (displacement distance) D 12 ϭ D 23 ϭ 5.5 nm. (The subscript numbers indicate the number of the respective cylinder.) The uncertainties of these values are about 5%. We note that the flat peak at 28.0 nm lies below the theoretical curve, and this cannot be explained by single-particle correlations. It can only be attributed to interparticle interference or concentration effects. At elevated concentrations the electron density in the proximity of the molecules usually lies below the average bulk electron density and it is thus giving negative contributions to the PDDF.
The applied three-cylinder model above is just a crude approximation of the real structure, but it is expected to describe some of its characteristic elements. We must be aware of the fact that the experimental PDDF is the average over many structures and that it has to be understood as a mixture of aggregates, where a small number of cylinders lies parallel to each other. Also, the three-cylinder model can equally well be replaced by an undulated-ribbon model which can be understood as being composed of three parallel interconnected cylinders. In that case the remaining 0.7 nm distance between neighboring cylinders would be connected by a narrow bridge of polymer material. It is very likely, for example, that a few polymer chains are incorporated into two neighboring cylinders simultaneously and that this cross-linking causes the cylinders to run mostly parallel. Nevertheless, the model in Fig.  4b gives some good idea of what the self-assembled structure in solution looks like.
At this point it is noteworthy that similar polymers, cast as bulk films, were reported to form bilayered structures with interlamellar distances between 1.6 and 2.8 nm (3) which is about half of the size of our cylinders' diameter. Furthermore, it is reported by the same authors that the polymers with sterically hindered side groups such as, e.g., the 2-ethylhexyl side group exhibit virtually no long-range order and crystallinity. In agreement with our findings we have to conclude that the secondary structure is not an ordered micellar one. The cylinders' radii are too big to be explained by a regular circular arrangement of backbone chains with side chains pointing toward the center. The degree of disorder along the crosssection of the cylinders must be rather high.
The situation in the case of the polyelectrolyte (sample CPPE) is only a little bit different. The experimental PDDF is shown in Fig. 5a (error bars) together with the theoretical PDDF (no symbols) of the real-space model depicted in Fig.  5b . We find that the PDDF can be explained reasonably well by basically the same model as in the case of the EHPPE sample; i.e., the mutual arrangement of three cylinders are sufficient to explain the number and the relative heights of the peaks. The only two differences are that (1) the distances between the cylinders are larger by a factor of about 2.5 and (2) the cylinders have more freedom to be tilted relative to each other. The model-parameter values are L ϭ 46 nm, R ϭ 2.1 nm, D 12 ϭ 13.9 nm, D 13 ϭ 23.6 nm, ␣ 12 ϭ Ϫ10°, and ␣ 13 ϭ 10°, where ␣ ij is the tilt angle between the ith and jth cylinder. We note that the radius of the primary cylinder is evaluated to be 0.3 nm smaller than in the case of the EHPPE sample which is attributed to the absence of the side chains. Also, the distance between the cylinders is larger which might come from the electrostatic repulsion of the ionic side groups of the polyelectrolyte.
In view of our results from light and X-ray scattering we come to the temporary conclusion that the investigated PPE samples in solution underlie several hierarchical steps of aggregation which are sketched in Fig. 6 . First, a couple of single polymer chains aggregate into cylinders of about 4.0 to 4.5 nm in diameter. Second, two to three cylinders can be interconnected (cross-linked) thus forming fibrils of about 15 nm widths. These fibrils finally associate to polydisperse globular arrangements of high internal anisometry and with radii of several hundred nanometers.
As already mentioned, this scheme of aggregation is based on experimental evidence from light and X-ray scattering techniques only. In the following we want to cross-check this structure model with microscopic techniques.
TEM and SFM Results
During classical polymer analysis all observable quantities such as molecular weight and radius of gyration strongly depend on the analytical technique and its ability to separate and fragment out single molecules from the clusters of aggregates. Therefore, and from the commonly known concentration dependence of self-assembly, it is not surprising that the morphologies observed with microscopic techniques also depend on the preparation technique and on the concentration of the solutions that are applicated onto the substrates.
On drying up relatively concentrated dispersions (10 to 15 mg/L) of sample EHPPE in THF, arrays of spherical clusters can be produced as shown in Fig. 7a . These arrays are about 100 to 200 nm wide and about 10 to 20 nm high. Owing to the preparation process, i.e., by drying up a droplet of solution, we have to be aware of the presence of collapsed structures and   FIG. 6 . The self-assembly process builds up a hierarchy of structures. Single polymer chains aggregate to cylindrical subunits which can form fibrils containing about three cylinders. The fibrils arrange themselves into clusters.
thus the low height of the particles is not surprising. Figure 7a also shows that some single spheroids lie among the aggregated arrays. When the solutions are diluted down between 5 to 10 mg/L, only single spheroids can be detected. The size of these clusters corresponds well with the cluster size determined with ELS and DLS considering the fact that the structures in solution are slightly swollen with solvent. Because of this coincidence we conclude that in solution only a small volume fraction of the substance aggregates into arrays of spheres.
By further diluting (1 to 5 mg/L) the clusters spread out onto the substrate as shown in Fig. 7b . They form ellipsoidal disks, which are composed of one hump in the middle and a surrounding flat corona with uniform height of 2.9 Ϯ 0.1 nm. Because the calculated width of the polymer, with the alkyl chain fully extended, is 1.4 nm (20) , the height of this corona can reasonably well be explained by the formation of a double layer. The double-layer structure was also observed for other PPE derivatives (3) . The hump in the middle of the corona is the remainder of the cluster that is not spread and its height varies between 5 and 20 nm. The fact that the clusters and even the cylinders undergo phase transitions and form bilayers is further an indication that the chemistry of the cross-linking of cylinders are not of permanent (covalent) nature. The polymer's high polarizability might be considered as the cause for an attractive dipole-dipole interaction. Chains that kink off into another direction then can be incorporated into a neighboring cylindrical aggregate and thus establish the cross-linking between cylinders that was observed with TEM and SAXS.
Similar but not identical to the observations with the SFM, we encountered spread clusters also with the TEM. However, the clusters, now adsorbed on carbon instead of mica, do not spread epitactically onto the substrate. The disks are neither elliptical nor are they arranged in any noticeable preferred orientation. The observed objects also are composed of a dark spot in the middle (high sample thickness) and a surrounding irregular shaped corona. The samples were not stained with any additives, and, although substantial contrast difficulties are encountered, details of the corona can still be resolved. Figure  8a shows that the corona is actually made up of regions with parallel aligned fibrils of about 15 to 18 nm widths. This texture confirms our model that the clusters are composed of elongated (cylindrical) substructures (Fig. 6 ) that are partially oriented parallel to each other. Also, the presence of the texture proves that the elongated substructures do not coalesce onto carbon and that therefore the secondary structure of the polymer in solution is largely kept intact. At the rim of the coronas and at higher magnification (Fig. 8b) double strands of 36 nm width can be detected. The widths of the fibrillar structures correspond to our findings from SAXS. There, we quantitatively modeled the data with three cylinders of 2.4 nm radius running parallel thus forming a ribbon of 15.8 nm width. One double-strand fibril of 36 nm width can therefore be thought of being composed of two ribbons of 15.8 nm widths and an additional interfibrillar distance of 4.4 nm which, in Fig. 8b , gives rise to the low-contrast stripe running in the middle of each double strand. By scanning through the focal length of the electron microscope we made sure that the doubled features were not due to Fresnel fringes.
The TEM micrograph of sample CPPE in H 2 O is shown in Fig. 9a ) cover most parts of the picture and prevent a clear view to the single layers of fibrils. Only at the rim (lower left corner in Fig. 9a ) an underlying spread sheet becomes visible and some protruding fibrils can be seen. The diameters of these fibrils are about 4 nm and are in good agreement with the cylinder diameters (4.2 nm) found by SAXS. The center-to-center distance between the cylinders cannot be determined with the TEM due to the poor spreading properties of this particular polymer-substrate system. In this sense it would be highly desirable to choose a different substrate material for TEM investigations. Unfortunately, mica is not transparent enough for TEM but it can be used for SFM.
In fact, mica proved to be the better-suited material to spread sample CPPE upon. The SFM micrograph in Fig. 9b shows a bunch of needles that are between 20 and 30 nm wide and 1.4 nm high. The height of these needles again suggest a doublelayer structure, because it is just twice the calculated width (0.7 nm (21)) of the polymer. Also, the cross-sectional area of one needle is in coincidence with the one from our three-cylinder model. When three cylinders of 2.1 nm radius spread onto the surface with uniform height of 1.4 nm they should coalesce into a ribbon of 28.9 nm width, which is in good agreement with the 30 nm wide needles in Fig. 9b . The needles with a width closer to 20 nm can equally well be ascribed to the spreading of the ensemble fraction made of two-cylinder fibrils which would give a calculated width of 19.8 nm.
In view of the wide-spread character of the results above, a few more words of discussion have to be added at this place. A variety of morphologies are obtained depending on the particular concentration and on the type of interaction between polymer aggregates and the substrate. Obviously, the interaction between PPE and a carbon substrate is by far weaker than in the case of mica. The structures observed with the TEM are therefore closer to the local structure in solution. The proposed cylindrical fibrils and double strands can still be observed on carbon, whereas they rearrange and form bilayers when they are adsorbed onto mica. This destruction of the local architecture by a two-dimensional phase transition from fibrils to bilayers is therefore readily accessible by SFM. Vice versa, it has to be concluded that SFM examinations on mica are presumably not the appropriate method of choice to characterize solution structures of complex polymer aggregates. This is regularly done in the current literature and the restrictions are evident.
IV. CONCLUSION
Summarizing our results we come to the following conclusions.
1. Polyphenylene ethynylene derivatives such as EHPPE or CPPE show a high tendency to aggregate.
2. The self-assembly process of polymers with high mainchain stiffness, anisometry, and molecular weight results in aggregates with a three-step hierarchy of structures.
3. In the first step, a couple of chains form aggregates similar to cylinders. Although their cross-sections are well defined, they are laterally disordered within each cylinder. Two to three of these aggregates are interconnected and run mostly parallel to each other, thus forming fibrils of higher order. In the case of sample EHPPE these fibrils of higher order can additionally form double strands.
4. In the next step of the structure hierarchy these bundles of fibrils or strands associate into globular clusters that can, in their turn, arrange themselves into arrays of clusters.
5. The polymers can perform a structure transition towards double layers when they are adsorbed onto various substrate materials. However, this spreading and coalescing of the fibrils into double layers depends strongly on the interface energy of the substrate and on the concentration of the applied solutions.
